The problem of determining stresses, phase compositions and temperature distributions during the transformation hardening of steel with a CO-laser beam is investigated.
INTRODUCTION
The conventional hardening of steel is done by heating the whole product to a temperature above Ac3 ( 800°C), where all the ferrite and pearlite is allowed to transform to austenite. Quenching in water or oil will result in rapid cooling of the product. Part of the austenite is maintained until below the Ms temperature (martensite start 250°C -550°C, depending on chemical composition). This will then transform to martensite, which gives the desired hardening. With laser hardening however, heat is applied locally, using a laser beam. The temperature rises very rapidly to almost melting temperature. Only a thin layer is heated, the other parts of the product remain cold. Due to the high temperature gradients, thermal conduction to the cold bulk material will cause sufficiently rapid cooling of the heated parts and1most of the austenite, that is formed during heating, will transform to martensite The process involves extremely high heating and cooling rates (1O -io6 K/s). Also, the interaction time is very short (i is).
As a result, compared to conventional hardening, less energy is needed, the grain sizes are smaller and there is less risk of distortion of the product. One of the complications is, that due to the short interaction time not all of the ferrite and pearlite in the heated region are allowed to transform to austenite. A considerable superheating of ferrite may occur. One object of this paper is to show how this phenomenon may be modeled. 2 . PHASE TRANSFORMATIONS
1 . Diffusion controlled transformations
The equilibrium phase composition at different temperatures can be read from the equilibrium phase diagram (Fig. i.) . Some of the transitions between different phases require diffusion of carbon. This means in general, that these transitions take some time to materialize. The kinetics are governed by the Avrami equation2, which is a solution to the diffusion equation and takes into account, the time required for nucleation of the new phase. For isothermal transformation we have:
Here -r(T) and n(T) are material parameters, which depend on the temperature T, b(T) is the volume fraction, which should be present in an equilibrium situation and bo is the fraction present at the start of transformation. The rate of change of the fraction, in the case of isothermal transformation, can be found by differentiation:
Assuming, that the rule of additivity is applicable3, and, that the direction into which the transformation proceeds, does not change, the time t can be eliminated, by using equation (1): t=rln (0) Which yields for the isothermal rate of phase change:
For transformation of austenite to ferrite and pearlite, the material parameters n and •r can be obtained from TTT diagrams. For transformation of ferrite and pearlite to austenite such diagrams are not available.
Heating -
Above TA1 the phase diagram gives an equilibrium fraction pearlite ç1i, = 0. The isothermal rate of change of the pearlite fraction is: (3) The equilibrium fraction ferrite is . Above TA3 according to equilibrium çb is zero.
However, as long as not all the pearlite has been transformed to austenite, there is not sufficient carbon available to transform ferrite to austenite according to its equilibrium contents. Therefore the phase rate equation has to be suitably modified. If still pearlite is present, the equilibrium fraction ferrite has to be corrected for the carbon deficiency. transform to austenite with a low carbon contents. By diffusion the carbon concentration will level out and the austenite is homogenized4.
Cool irig
Because either the temperature was too low, or the time for homogenization was too short, locally low carbon austenite may still be present, when cooling starts. Since no carbon diffusion is required, this will instantaneously transform back to ferrite, when the temperature drops below 910°C. Therefore it is necessary to distinguish between low and high carbon austenite. Here this is done by treating the low carbon austeniteas superheated ferrite. As long as > equation (4) must be used for the transformation of ferrite to austenite. When the material is cooled below TA3, the current ferrite fraction will drop below the equilibrium fraction and the back transformation from austenite to ferrite will start. The TTT diagrams as found in steel hardening handbooks are valid for cooling of steel, which has been fully homogenized in the austenitic temperature range. Transformation times of non homogeneous austenite to ferrite and pearlite will be considerably shorter. There is less delay due to nucleation and already some transformation product is formed. The transformation of homogeneous austenite back to ferrite and pearlite ideally starts with ferrite and pearlite contents = '/40 0. Use equation (2), with
This way it is automatically taken into account, that transformation of nonhomogeneous austenite proceeds without delay.
Martensite transformation
The transformation of austenite to martensite is not diffusion controlled, but rather is an instantaneous change of crystal structure. The amount of martensite formed, depends only on temperature.
Here cbm is the volume fraction martensite, ts is the amount of austenite, that is still present when the Ms temperature T is reached. As well T, as j3 depend on the chemical composition. The rate of change of the martensite fraction can then be expressed as:
or, in terms of current fraction contents:
dt dt dt where is the current austenite fraction.
TEMPERATURE CALCULATIONS
The equation of conservation of energy, neglecting heat production due to deformations, is:
A. VT) -pè=O (6) Here A is the second order tensor of conductivity, p is the mass density and e is the specific internal energy. The internal energy is a summation of the energy per fraction.
k k e= e Per fraction the internal energy is a function of the temperature.
where c is the specific heat of the kth phase. So the rate of internal energy is:
The first term is the regular specific heat, heat of phase transformation.
the second term is a model of latent 
STRESS CALCULATIONS
The calculation of stresses due to quenching has been studied by a number of researchers ' . Only the important equations will be repeated here.
The equilibrium equation in the absence of inertia and body forces, can be written as:
. =0
Here is the stress tensor. The stresses depend on the strains and the strain depends on the displacements: is he elastic part, c1 is the plastic strain, th is the thermal dilatation, c r is the strain due to phase transformation and is due to transformation plasticity. The last two are specific for phase transformation calculations and will be treated in some detail.
Transformation (and thermal) strain
The mass density can be written as a weighted sum of the phase fractions. k k p= p
The mass density p' of each phase is a function of temperature.
The first term on the right hand side is the density change due to phase transformation, the second term, due to thermal expansion. For isotropic materials, density change and lineal strain c are related by:
The strain rates due to phase transformation and thermal expansion are:
.tr _ E k k (10) = 3k dt = k k k th lEcü dp dT E,kP kdT1 Experiments show , that applying a stress, while phase transformation occurs, results in a permanent strain, which can not be explained from yielding of one of the phases involved. A qualitative description can be obtained by considering stress relaxation in the transformed phase. For low stress levels, this strain is found to be proportional t the applied stress and to the amount of phase transformed. The usual generalization to a multi-axial stress state expresses the transformation plasticity proportional to the deviator stress S.
The constant K depends on the chemical composition of the material involved, on the type of transformation and on the direction, into which the transformation proceeds.
Constitutive stress-strain equations
The stress rate is assumed proportional to the elastic strain rate. 
!I.
y Where G is the shear modulus and v is Poisson's ratio. The stress rate is found to be composed of three terms, a strain rate dependent part, a phase transformation dependent part and a temperature rate dependent part. More than one phase may be present simultaneously. Then it is not justified to use this macroscopic expression for the stress rate. Each phase has different elasticity coefficients, yield stress and hardening modulus. A different stress for each phase is assumed and the macroscopic stress is written as a weighted sum of the stress per phase:
A material model is constructed, where the transformation plasticity, the thermal expansion and the transformation induced strain are macroscopic and the elastic and plastic strains are evaluated per phase fraction (Fig. 2.) . The constitutive equations for the different phases are modified accordingly.
FINITE ELEMENT DISCRETIZATION
Following Galerkin' s method, the mechanical and the thermal equi 1 ibrium equat ions (8) and (6) and 0 are virtual velocity and virtual temperature fields, q is the heat flow through the surface S of the body and V is the volume of the body. Substitution of (7), (9) and (13) 
Incremental Solution Procedure
After multiplication of the rate equation (15) by the time step t, we obtain an Incremental formulation in {U} and {zT}. The right-hand side is evaluated at time
The extra terms with {1T} are then included in the sub-matrices ER] and [B] . This way an implicit formulation is obtained. The plot of the deformations (Fig. 8) shows the typical convexity of the treated surface, with a slight raise ( 12 .tm) of the heat affected zone. The resiual radial stress at the center line (Fig. 9 ) also shows the typical pattern9' of a small compression zone at the surface and high tension stresses just below the heat affected zone. The Absolute values of the stress however are at least twice as high 'nun ----mart. fract.
-hardness
depth (mm)
as reported in the literature9. This is mainly due to the fact that the stress state is axi-symmetric, rather than two-dimensional. Furthermore, the work hardening rule as employed here tends to predict rather high yield stresses when the plastic strain is high. Fig. 8 . Deformation of the heat treated disc after cooling down depth (mm)
